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Edge and s u r f a c e  mod i f i ca t ion  of piobiurn a l l o y s  p r i o r  t o  
c o a t i n g  wi th  Si-20Cr-2OFe and s l u r r y  oomposition mod i f i ca t ion  were 
i n v e s t i g a t e d  t o  improve performance i n  a 137OoC ambient p re s su re  
slow-cycle t e s t .  The b e s t  c o a t i n g  obta ined  w a s  Si-2OCr-2OMn wi th  
an average l i f e  of 63 cyo le s  compared eo 40 €or Si-ZOCr-ZOFe on 
FS-85 (100 percent improvement i n  weight p a r i t y  l i f e ) .  Edge bead- 
ing  extended ?he l i v e s  of Si-20Cr-20Fe cocated Cb-75h ahd'FS-85 t o  
57 and 41 c y c l e s  r e s p e c t i y e l y  (50 and 20 pepcent improvements i n  
weight p a r i t y  l i f e  r e spec t ive ly ] .  W ,  A1203 and ZrO VCaO su r face  
modi f ica t ions  a l t e r e d  c o a t i n g  c rack  frequency and micros t rucqure  
2 
and inc reased  l i f e  somewhat. 
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SUMMARY 
Surface  n p d i f i c a t i o n  of two niobium a l l o y s  p r i o r  t o  c o a t i n g  
wi th  Si-ZQCrT2OFe w a s  i n v e s t i g a t e d  a s  a techqique  f o r  a l t e r i n g  
t h e  c o a t i n g  m i c r Q s t r u c l x r e  and crack  frequency s o  a s  ?o improve 
t h e  performance of t he  qoa-ted sygterns. 
i n g  s u s c e p t i b i l i t y  t o  edge EaiLure by electron-beam mel t ing  an 
edge bead on t h i n  s h e e t  specimens p r i o r  t o  a p p l i c a t i o n  of t h e  
fpsed  s l u r r y  s i l i c i d e  c o a t i n g  w a s  i n v e s t i g a t e d .  
o r  ZnD2-Ca0 al$oy s u r f a c e  mod i f i e r s  were app l i ed  by s e v e r a l  methods 
p r i o r  t o  s i l i c i d e  coat ing.  I n  addi-trion, a number of s l u r r y  eom- 
p o s i t i o n  mod i f i ca t ions  were i n v e s t i g a t e d ,  These were intended t o  
a l t c q  c o a t i n g  s t ruc tu re ,  o x i d a t i o n  behavior ,  and g l a s s  forming 
a b i l i t y .  
The f e a s i b i l i t y  of reduc- 
A l s o ,  W. A1203 
The app l i ed  c o a t i n g s  were screened  by a 137OoC, one-houy 
slow-cycle t e s t  a t  ambient p re s su re .  To be  conse rva t ive ,  appear- 
ance o f  t h e  first Nb205 pi@ple was used a s  t h e  c o e t i n g  f a i l u r e  
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c r i t e r i o q ,  Vendor and in-house Si-20Cr-2OFe coa t ings  were used 
as a b a s e l i n e  f o r  comparison, Coatings were compared on an abso- 
l u t e  and on a weight p a r i t y  b a s i s  ( coa t ing  l i f e  i n  c y c l e s  d iv ided  
2 by t h e  c o a t i n g  weight i n  mg/em ) .  The b a s e l i n e  R512E c o a t i n g  had 
an average l i f e  of 40 c y c l e s  on FS-85 (weight p a r i t y  l i f e  05 1.6) 
and 48 cycles  on (3-752 (weight p a r i t y  l i f e  of 2.0). 
Edge beading reduced s u w e p t i b i l i t y  t o  edge f a i l u r e  of coa ted  
Cb-752 and FS-85. On a weight p a r i t y  b a s i s ,  50 and 20 percent  
improvements i n  l i f e  were r e a l t z e d  over  R512E on unmodified Cb-752 
and FS-85 resjpectively,  
2 W, A1203, and ZrO -CqO a l l o y  su r face  mod i f i e r s  s u c c e s s f u l l y  
a l t e r e d  t h e  crack frequeqsy end m i c r o s t r u c t u r e  o f  Si-20Cr-2OFe 
'but improved l i f e  by no more t h a n  25 percent on a weighF p a r i t y  
' bas i s .  
The best. e l u r r y  chemisjtry modi f ica t ion  c o a t i n g  on FS-85 was 
SS-ZQCr-20Mn which formed a glassy s u r f a c e  oxide. This  c o a t i n g  
gave an average l i f e  of 63 c y c l e s  (a weight p a r i t y  l i f e  of 3 .2  
which is a 100  percent  improvement over R512E). 
INTRODUCTION 
Fused s l u r r y  s i l i c i d e  c o a t i n g s  have t h e  p o t e n t i a l  f o r  pro- 
v i d i n g  r e l i a b l e  ox ida t ion  p r o t e c t i o n  f o r  niobium a l l o y  re-entyy 
h e a t  s h i e l 4 s  and a i r c r a f t  g a s  t u r b i n e  combustors and vanes (1-5). 
Because t h e  r e l a t i v e l y  b r i t t l e  s i l i c i d e  c o a t i n g s  have a h ighe r  
thermal  expansiQn c o e f f i c i e n t  t h a n  t h e  niobium a l l o y  s u b s t r a t e s ,  
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a n a t u r a l  crack p a t t e r n  develops i n  t h e s e  coa t ings  upon c o o l i n g  
from t h e  c o a t i n g  f i r i n g  tempera ture  (6) .  The c racks  a r e  g e n e r a l l y  
o r i e n t e d  perpendicular  t o  t h e  s u b s t r a t e  w i th  a spac ing  comparable 
t o  t h e  c o a t i n g  th i ckness .  Thus, t h e  crack network which develops 
i n  t h e  c o a t i n g s  is q u i t e  ex tens ive .  Even though khese c racks  may 
p a r t i a l l y  c l o s e  on h e a t i n g ,  t hey  o f f e r  pa ths  f o r  atmospheric oxy- 
gen t o  p e n e t r a t e  deep i n t o  t h e  coat ing.  Oxide format ion  i n  t h e s e  
c racks  e v e n t u a l l y  l e a d s  t o  l o c a l i z e d  coalzing breakdown and sub- 
s f - ra te  ox ida t ion .  This  can be  d e t e c t e d  v i s u a l l y  by t h e  growth of 
niobjum oxide p imples .  
provides  a conse rva t ive  de t e rmina t ion  of c o a t i n g  l i f e  s i n c e  strw- 
t w a l  f a i l u r e s  due t o  oxidation/oxygen embrit t lemenf u s u a l l y  occur 
The appearance of t h e  first oxide p imple  
a f t e r  aons ids rab ly  longer  kimes. The edges of t h i n  s h e e t  com- 
ponents, such a s  h e a t  s h i e l d  panels ,  a r e  p a r t i c u l a r l y  prone t o  
such l o c a l i z e d  c o a t i n g  breakgowns (7) .  
The f i rs t  major purpose of t h i s  s tudy  was t o  explore  s e v e r a l  
methods f o r  modifying t h e  s u r f a c e  of niobium a l l o y s  t o  produce 
c o a t i n g s  w i t h  longer  l i v e s  a s  a r e s u l t  of a l t e r e d  n a t u r a l  crack 
frequency and mic ros t ruc tu re .  Two approaches were taken. F i r s t ,  
t h e  edge geometry of t h i n  s h e e t  specimens was modified s o  a s  t o  
i n c r e a s e  t h e  edge rgd ius  the rby  reducing t h e  a l t e r a t i o n  i n  coa t -  
i n g  s t r u c t u r e  and t h e  h igh  tens i le  s t r e s s e s  caused by corners .  
This  w a s  accomplished by e l e c t r o n  beam mel t ing  t h e  edges of Cb-752 
and FS-85 specimens. Second, a t t empt s  were made t o  a l t e r  t h e  
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micros t ruc tu re  and reduce t h e  thermal  expansion c o e f f i c i e n t  of t h e  
s i l i c i d e  c o a t i n g s  s o  a$ t o  minimize t h e  number of t e n s i l e  cracks.  
The approach f o r  accomplishing t h i s  was t o  provide d i spe r sed  
n u c l e a t i o n  s i t e s  a t  t h e  s u b s t r a t e  su r face  o r  i n  t h e  c o a t i n g  by 
in t roduc ing  an a d d i t i o n a l  phase, p re fe rab ly  wi th  a lower thermal  
expansion c o e f f i c i e n t  t h a n  t h a t  of t h e  coa-ting, 
t i o n  s i t e s  would t end  t o  randomize t h e  columnar s t r u c t u r e  of t h e  
Dispersed nuclea-  
c o a t i n g  the rby  reducing t h e  number of sho re  l e n g t h  g r a i n  bound- 
a r i e s  o f f e r i n g  p o t e n t i a l l y  harmful crack pa ths  t o  t h e  s u b s t r a t e .  
Second phases: w i th  lower thermal  expansion c o e f f i c i e n t s  t h a n  t h e  
c o a t i n g  would t e n d  t o  reduce t h e  n e t  thermal  expansion c o e f f i c i e n t  
of t h e  coa t ings  by a r u l e  of mixtures  e f f e c t ,  These s t u d i e s  were 
conducted on a l l o y  FS-85. 
The second major purpose of t h i s  s tudy  was t o  i n v e s t i g a t e  
slurry modif ica t ions .  These were d i r e c t e d  toward phys ica l  changes 
i n  t h e  c o a t i n g s  a s  d i scussed  previous ly  a s  w e l l  a s  toward modify- 
i n g  t h e  o x i d a t i o n  k i n e t i c s  of t h e  c o a t i n g  and i ts  a b i l i t y  t o  form 
a g l a s s y  oxide,  
The c o a t i n g s  were t e s t e d  by slow-cycle ambient p re s su re  oxi -  
d a t i o n  t o  1370°C t o  e v a l u a t e  t h e  e f f e c t  of beading t h e  edges of 
(3-752 and FS-85 specimens, mod i f i ca t ion  of t h e  a l l o y  s u r f a c e  of 
FS-85 speqimens wi th  tungs t en  (W), alpha alumina (A1203), o r  
p a r t i a l l y  s t a b i l i z e d  z i r c o n i a  (Zr02-5WhCaO), and s l u r r y  modifica- 
t i o n .  The sJQw-cycle t e s t  t o  1370 C i n  ambient p re s su re  a i r  is a 0 
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seve re  one for t h i s  system since t h e  normal maximum use  tempera- 
tu re  is about  132OoC i n  reduced p res su re  epvironments and about 
125OOC i n  ambient p re s su re  a i r .  
20Cr-20Fe f u s e d  s l u r r y  s i l i c i d e  coq t ings  were used as a b a s e l i n e  
for comparison. Coatings were compared on a weight p a r i t y  b a s i s ,  
t h a t  is, t h e  c o a t i n g  l i f e  i n  c y c l e s  d iv ided  by t h e  c o a t i n g  weight 
i n  mi l l ig rams p e r  square  cent imeter .  The b a s i s  f o r  such a com- 
pa r i son  is w e l l  e s t a b l i s h e d  s i n c e ,  f o r  a g iven  s i l i c i d e  c o a t i n g ,  
l i f e  is p ropor t iona l  t o  c o a t i n g  weight (1). 
Commercial and unmodified S i -  
- 
In a d d i t i o n  t o  comparing t h e  t ime t o  f irst  v i s i b l e  l o c a l  
c o a t i n g  breakdown, suppor t ing  meta l lographic  and bend t e s t s  were 
used t o  e v a l u a t e  some of t h e  coa t ings .  Some supplemental  e l e c t r o n  
microprobe (EMP) coatsng c h a r a c t e r i z a t i o n  was a l s o  conducted. 
M a t e r i a l s  S e l e c t i o n  
Niobium a l l o y s  (3-752 (Nb-9W-2.7Zr w i t h  120 ppm 02) and 
FS-85 (Nb-28Ta-llW-lZr wi th  240 ppm 02) were used a s  s u b s t r a t e s  
i n  t h i s  study. Both a l l o y s  were i n  t h e  form of t h i n  gage ghee t  
(approximately 0.030 cm or 1 2  m i l s )  i n  t h e  100 percent  r e c r y s t a l -  
l i z e d  condi t ion .  These a l l o y s  and t h i s  t h i c k n e s s  range a r e  of 
in te res t  f o r  r e -en t ry  v e h i c l e  h e a t  s h i e l d  a p p l i c a t i o n s .  
S i l i c o n  (-325 mesh), chromium (-325 mesh) , and i r o n  (-0.5 
miqron) powders 9f g r e a t e r  t han  99 percent  p u r i t y  were used t o  
form t h e  b a s i c  fused  s l u r r y  s i l i c i d e  coa t ing ,  Si-20Cr-20Fe. This  
c o a t i n g  was s e l e c t e d  because i ts  commercial coun te rpa r t  (Sylvania 
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R512E) is a primary cand ida te  f o r  p r o t e c t i o n  of niobium a l l o y  
h e a t  s h i e l d s .  Sylvania  R512E coa.ted specimens were used a s  a 
b a s e l i n e  f o r  t h i s  study. 
m i c r o s t r u c t u r e s  of R512E coa ted  Cb-752 and FS-85 and g i v e s  an 
F igu re  1 shows t h e  c r o s s  s e c t i o n a l  
i n d i c a t i o n  of t h e  frequency and depth of c r acks  t o  be  found i n  
t h e s e  c o a t i n g s  i n  t h e  qs-coated condi t ions .  Also ,  t h e  t h i n n i n g  
of t h e  o u t e r  p r o t e c t i v e  l a y e r s  a t  t h e  edges i n  t h e  lOOX micro- 
graphs should be  noted. 
The a l l o y  s u r f a c e  mod i f i e r s  examined were W (-4.5 micron 
powder), A1203 (-325 mesh), and Zr02-5 w t %  CaO (-325 mesh). 
W was g r e a t e r  t h a n  99.5 percent  pure and t h e  oxide powders were 
g r e a t e r  t h a n  98 percent  pure. The mod i f i e r s  were app l i ed  by f o u r  
The 
methods: r o l l  bonding, flame spraying ,  i s o s t a t i c  p re s s ing ,  and 
s l u r r y  sprayiqg .  The f o u r  techniques  o f f e r e d  va ry ing  degrees  of 
bonding between t h e  modi f ie r  and t h e  s u b s t r a t e  and were expected 
t o  produce d i f f e r e n t  modi f ie r  d i s t r i b u t i o n s  when r e a c t e d  wi th  
Si-2OCr-20Fe. The reasons  f o r  s e l e c t i n g  t h e s e  mod i f i e r s  a r e  pre- 
s en ted  schemat i ca l ly  i n  f i g u r e  2. 
S i l i c i d e s  g e n e r a l l y  have l a r g e r  thermal  expansion c o e f f i -  
c i e n t s  t han  t h e i r  parent  metals .  Niobium a l l o y s  have thermal  
expansion c o e f f i c i e n t s  i n  t h e  range 7 t o  8 x LOy6 cm/cm- C whereas 0 
t h e  thermal  expansion c o e f f i c i e n t  f o r  %Si2  is repor t ed  t o  be  from 
7 . 3  t o  11.7 x cm/cm- C €7-9). This  d i f f e r e n c e  i n  thermal  
expansion c o e f f i c i e n t s  is b e l i e v e d  t o  be t h e  source  of t e n s i l e  
0 
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c o a t i n g  c racks  a s  shown schemat i ca l ly  i n  f i g u r e  2(a) .  Tungsten 
was s e l e c t e d  a s  a modi f ie r  because,  i n  a d d i t i o n  t o  provid ing  
d i spe r sed  mucleat ion s i t e s  f o r  d i s r u p t i o n  of t h e  columnar s t r u c -  
ture (fig. 2(b)) , t h e  d i s i l i c i d e  of t ungs t en  wi th  a thermal  expan- 
s i o n  c o e f f i c i e n t  of about 7.9 x LOm6 cm/cm- C (10) may be  an 
e f f e c t i v e  a d d i t i v e  f o r  reducing  t h e  thermal  expansion c o e f f i c i e n t  
Qf the  c o a t i n g  ( f ig .  2Cc)). 
-&&Si2 have sma l l e r  molar volumes t h a n  NbSi2 ( l l ) .  
0 
Also ,  s o l i d  s o l u t i o n s  of  WSi2 and 
A1203 and Zr02-Ca0 were s e l e c t e d  f o r  t h e i r  high thermody- 
namic s t a b i l i t y ,  d i spe r sed  n u c l e a t i o n  s i t e  c a p a b i l i t i e s ,  and 
poss ib ly  f a v o r a b l e  thermal  expansion effects. b - A 1 2 0 3  has  a 
l i p e a r  thermal  expansion c o e f f i c i e n t  of about 8 x cm/cm- C 
(12).  
composite w i t h  a thermal  expansion c o e f f i c i e n t  of 7.3 x 
compared wi th  8 ,7  x LOv6 f o r  MoSi2 (12) .  
o p e r a t i v e  with A1203 and NbSi2. 
t r ans fo rms  from a mixture  of cub ic  and monoclinic phases t o  a 
s i n g l e  t e t r a g a n a l  phase a t  about 1000°C ( 1 3 ) .  
2Cd)) , t h e  c o e f f i c i e n t  of thermal  expansion is about 7 x 
cm/cm- C u n t i l  t h e  t r ans fo rma t ion  temperature .  A t  t h i s  po in t  t h e  
I c o e f f i c i e n t  becomes nega t ive  u n t i l  t h e  t r ans fo rma t ion  is completed. 
Then,  approximately t h e  same r a t e  of expansion is resumed. On 
coo l ing  the  process is reversed  forming a h y s t e r e s i s  l o o p  (12) .  
Based on t h e  r u l e  of mixtures ,  t h i s  behavior  should lower t h e  n e t  
0 
Addit ion of 2 5  percent  A1203 t o  MoSi r e p o r t e d l y  gave a 2 
The same e f f e c t  may be 
P a r t i a l l y  s t a b i l i z e d  z i r c o n i a  
On h e a t i n g  ( f ig .  
0 
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thermal  expansion c o e f f i c i e n t  of t h e  composite c o a t i n g ,  e s p e c i a l l y  
i n  t h e  in t e rmed ia t e  tempera ture  range ,  t he reby  reducing  t h e  number 
of t ens i l e  c racks  and t h u s  p o t e n t i a l  ox ida t ion  paths.  
S l u r r y  mod i f i e r s  were s e l e c t e d  f o r  a wide v a r i e t y  of reasons  
inc lud ing  t h o s e  a l r eady  discussed.  
5 w t %  CaO, H f 0 2 ,  and A1203 ( a l l  -325 mesh, > 98 percent pu r i ty )  
were s e l e c t e d  €or t h e i r  thermal  expansion p r o p e r t i e s  and d i spe r sed  
The oxide mod i f i e r s  Zr02- 
n u c l e a t i o n  s i t e  c a p a b i l i t i e s .  
pur i ty)  and MTI (-325 mesh, > 99 percent  pur i tyy  (18) mod i f i e r s  
The B4Si (-200 mesh, > 98 percent  
were s e l e c t e d  f o r  t h e i r  g l a s s  forming c a p a b i l i t i e s .  
oxygen p a r t i a l  p re s su re ,  a l i q u i d  is p resen t  i n  t h e  Mn-Si-0 sys- 
t e m  a t  t empera tures  a s  low a s  1 2 1 O o C  a s  a e u t e c t i c  formed between 
MnSiOg and Mn2Si0 
me l t ing  oxide (FepSi04 a t  1200°C), t h e  appearance of t h i s  phase 
is l i m i t e d  due t o  t h e  r e l a t i v e  i n s t a b i l i t y  of FeO (13, 1 6 ) .  Addi- 
t i o n s  of W (-4.5 u ,  > 99-5  percent  purity), Mo (-325 mesh, > 99 
pe rcen t  p u r i t y ) ,  and VSi2 (-325 mesh, > 98 percent  pur i ty)  were 
aimed a t  approaching t h e  Si/50W-20Mo-lSTi-lSV c o a t i n g  developed 
Depending on 
Although FeO-Si02 forms a s l i g h t l y  lower 4' 
a t  So la r  under NASA c o n t r a c t  (17) by a f u s e d  s l u r r y  approach. Nb 
(-325 mesh, > 99 percent  pur i ty)  was used a s  an a d d i t i v e  t o  sup- 
press t h e  s u b s t r a t e - s l u r r y  r e a c t i o n  s o  a s  t o  minimize l o s s  of 
s h e e t  t h i c k n e s s  and t o  provide d i s p e r s e d  n u c l e a t i o n  s i tes .  Co 
(-2.3 u,  > 99 percent  p u r i t y ) ,  Zr (-200 mesh, > 99 percent  p u r i t y ) ,  
€€f (-325 mesh, > 99 percent  p u r i t y ) ;  and aluminide mod i f i e r s  
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(NiA1:-60 mesh, > 98 percent  p u r i t y ;  CoAl:-lOO mesh, > 98 percent  
pur i ty)  were added t o  g ive  a c o a t i n g  wi th  a more even ox ida t ion  
r a t e  a s  a f u n c t i o n  af tempera ture  and/or t o  t a k e  advantage of t h e  
f a v o r a b l e  thermal  expansion p r o p e r t i e s  of € E O 2 ,  ZrOZ,  o r  A1203. 
EXPERIMENTAL PROCEDURE 
Specimen P repa ra t ion  and Oxidat ion 
Cb-752 and FS-85 coupons (3.8 x 1.9  c m  x approximately 0.030 
cm t h i c k )  were sheared  wi th  t h e  long  dimension p a r a l l e l  t o  t h e  
s h e e t  r o l l i n g  d i r e c t i o n .  A h o l e  (0.48 c m  diameter) w a s  d r i l l e d  
near  one end and t h e  coupons were j a r  mi l l ed  i n  an alumina s l u r r y  
t o  round o f f  edges and corners .  The Cb-752 and some FS-85 speci- 
qens were f u r t h e r  prepared by e l e c t r o n  beam mel t ing  a bead along 
t h e  e x t e r n a l  edges .as shown f o r  Cb-752 i n  t h e  c r o s s - s e c t i o n  photo- 
micrograph i n  f i g u r e  3 (1OOX). The bead d iameters  were approxi- 
mately 1.6 and 2 . 3  times t h e  s h e e t  t h i c k n e s s  f o r  Cb-752 and FS-85 
r e s p e c t i v e l y ,  A l l  coupons were g r i t  b l a s t e d  wi th  A1 0 r i n s e d  
i n  wa te r ,  measured, degreased,  r i n s e d  i n  d i s t i l l e d  water  and 
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weighed t o  t h e  n e a r e s t  0.1 m g .  
Sur face  mod i f i ca t ion  w a s  performed i n  f o u r  d i f f e r e n t  ways: 
(1) s l u r r y  sprayed modi f ie r  a p p l i c a t i o n  us ing  a n i t r o c e l l u l o s e  
l acque r  b i n d e r ,  (2) r o l l  bonding fo l lowing  s l u r r y  sp ray  app l i ca -  
2 t i on ,  (3) i s o s t a t i c  p re s s ing  a t  275 MN/m (20 k s i )  a f t e r  s l u r r y  
sp ray ing  and wrappiDg i n  mylar (14), and (4) flame sp ray ing  wi th  
an oxyacetylene toroh.  
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After s u r f a c e  modi f ica t ion ,  t h e  specimens were re-weighed 
and measured. The d a t a  a r e  r epor t ed  i n  Table I. The specimens 
were t h e n  oversprayed wi th  t h e  Si-20Cr-20Fe s l u r r y ,  re-weighed, 
and measured a s  shown i n  Table I. The green coa t ings  were fused  
and annealed a t  1 4 2 O O C  f o r  one hour a t  a pressure  below 2 x 
t o r r  once i n i t i a l  ou tgass ing  of t h e  b inder  subsided.  The speci- 
mens were weighed and measured a f t e r  t h e  f i r i n g  cyc le  a s  shown i n  
Table I. 
Coating chemistry modi f ica t ions  were app l i ed  on FS-85 i n  a 
s i n g l e  s + e p  per s i d e  by spraying  with t h e  n i t y o c e l l u l o s e  l acque r  
veh ic l e .  Edge and s u b s t r a t e  prepara t ion  were t h e  same a s  d i s -  
cussed prev sly. The specimens were a i r  d r i e d  and weighed 
before  and a f t e r  f i r i n g .  F i r i n g  was conducted e i t h e r  i n  vacuum 
o r  dry  argon a s  i nd ica t ed  i n  Table 11. The t i m e  a t  peak tempera- 
t u r e  was one hour. 
Slow-cycle ambient pressure  ox ida t ion  t e s t s  were conducted 
i n  a v e r t i c a l  m u l l i t e  t ube  furnace  c o n t r o l l e d  t o  f 10°C. The 
specimens were exposed t o  temperatures  above 132OOC f o r  about 
28 minutes of each one hour cyc le  and t o  a maximum temperature  of 
137OOC f o p  about t e n  minutes. 
c y c l e  w a s  about 100°C. 
f e w  c y c l e s  and weighed once p e r  day. The appearance of t h e  f i rs t  
Nb205 pimple was considered t h e  t ime t o  l o c a l  c o a t i n g  breakdown 
and t h e  specimen was removed from tes t .  This  is a very  conserva- 
The minimum temperature  i n  each 
The specimens were v i s u a l l y  examined every 
11 
t i ve  e s t ima te  of use fu l  l i f e  s i n c e  specimens and p a r t s  with in t en -  
t i o n a l l y  de fec t ed  coa t ings  have n o t  shown r a p i d  f a i l u r e s  a f t e r  
s e v e r a l  c y c l e s  of s imulated re -en t ry  exposure (ref. 4). 
Addi t iopa l  Evaluat ions 
Representa t ive  samples of each coa t ing  were examined by 
metallography i n  t h e  as-coated condi t ion .  
(EMP) r a s t e r  photomicrography w a s  used t o  determine s u r f a c e  modi- 
f i e r  d i s t r i b u t i o n s  i n  t h e  as-fused coa t ings .  Coating c racks  were 
counted on lOOX c r o s s  s e c t i o n a l  micrographs i n  t h e  as-coated con- 
d i t i o n .  A crack was def ined  a s  a f i s sure  extending from t h e  d i f -  
fu s ion  zone t o  t h e  coa t ing  s u r f a c e  f o r  count ing purposes. 
E lec t ron  microprobe 
Also ,  
some samples  were examined by metallography a f t e r  t e s t .  Oxides 
were analyzed by X-ray diffraction (XRD) -trechniques e i t h e r  i n  s i t u  
o r  on scrap ings .  
Se lec ted  samples were bend t e s t e d  i n  t h e  as-coated cond i t ion  
and a f t e r  exposure. Bend specimens c u t  from t h e  coupon speaimens 
were h a l f  t h e  coupon width by t h e  f u l l  l e n g t h  C0.9 c m  x 3 . 8  cm), 
The specimens were ben t  over a 0.20 cm r a d i u s  ro l l e r  (approximately 
f o u r  t i m e s  t h e  coated th i ckness  of t h e  specimens) a t  a crosshead 
speed of 2.5 cmtmin, 
t r a n s i t i o n  temperature  was ass igned  by in spec t ion  of t h e  bend 
angle  a t  f r a c t u r e  and i n t e r p o l a t i o n  because t h e  number of speci-  
mens t e s t e d  w a ~  no t  s u f f i c i e n t  t o  accu ra t e ly  determine t h e  DBTT. 
I n  most ca ses  an approximate duc t i le -br i -Wle  
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RESULTS AND DISCUSSION 
Data f o r  t h e  eva lua t ion  and t e s t i n g  of t h e  vendor qnd in-house 
coa t ings  a r e  summarized i n  t h e  r ight-hand columns of Tables I ,  P I ,  
and 111. The d a t a  l i s t e d  g e n e r a l l y  inc lude  c o a t i n g  weight ,  coa t ing  
th i ckness  coa t ing  crack frequency l i ves  observed i n  t h e  ;137OoC 
ambient pressure  slow-cycle t e s t ,  l i f e  on a weight p a r i t y  b a s i s ,  
and es t imated  d u c t i l e - b r i t t l e  t r a n s i t i o n  temperatures .  The weight 
p a r i t y  l i f e ,  def ined  a s  coa t ing  l i f e  i n  cyc le s  d iv ided  by coa t ing  
2 weight i n  mg/cm ~ was included t o  permit Comparison of systems with 
d i f f e r e n t  coa t ing  weights.  Based on e a r l i e r  r e s u l t s ,  coa t ing  l i f e  
i s ,  t o  a good approximation, p ropor t iona l  t o  coa t ing  weight f o r  a 
given coa t ing  composition (1). Therefore ,  comparisons of d i z f e r e n t  
coa t ings  on a weight p a r i t y  b a s i s  are v a l i d .  
Edge Beading 
The b a s e l i n e  systems for t h i s  s tudy  were R512E on Cb-752 and 
FS-85 a s  shown i n  f i g u r e  E. 
The unmodified in-house Si-20Cr-20Fe c o a t i n g  on edge-beaded 
Cb-752 ( f i g .  4[a), 4(b)) is very  s i m i l a r  i n  mic ros t ruc tu re  t o  
R512E on Cb-752. The in-house coa t ing  i s  cons iderably  t h i n n e r  
(0.-06 mm v s  0.09 mm based on me ta l log raph ica l ly  determined coa t ing  
th i cknesses ) ,  The in-house Si-20Cr-20Fe c o a t i n g  on FS-85 ( f ig .  
4 ( c ) ,  (d)) appears t o  be s l i g h t l y  denser  t h a n  R512E on FS-85 
( f i g .  lee), (d) ) .  Also, t h e  o u t e r  two-phase reg ion  c o n s i s t s  of 
c o a r s e r ,  more equiaxed g r a i n s  t h a n  a r e  found i n  R512E. The in-  
house coa t ing  is t h i n n e r  (0.075 mm v s  0.09 mm based on metal lo-  
-- 
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g r a p h i c a l l y  determined coa t ing  th icknesses)  and has  a s l i g h t l y  
h igher  n a t u r a l  crack frequency than  t h e  R512E coa t ing .  
A s  can be seen  from Table I, edge beading of Cb-752 gave 
about 20 percent  longer  l i f e  than  t h e  average f o r  R512E on 
Cb-752. ThSs w a s  accomplished wi th  a 20 percent  l i g h t e r  coat ing.  
On a weight p a r i t y  b a s i s ,  t h e  improvement r e s u l t i n g  from edge 
beading is about 50 percent .  Edge beading of FS-85 gave no 
improvement of l i f e  on an abso lu te  b a s i s .  This  may be due t o  t h e  
f a c t  t h a t  t h e  edge beads on FS-85 were less uniform and exh ib i t ed  
l o c a l  i n t e r r u p t i o n s ,  However, s i n c e  t h e  coa t ing  weight was about 
20 percent  l i g h t e r ,  t h e  improvement on a weight p a r i t y  b a s i s  is 
about 20 percent .  The s t a t i s t i c a l  b a s e l i n e  c o a t i n g  performance 
and t h e  magnitude of t h e  improvements due t o  edge beading a r e  
i l l u s t r a t e d  i n  f i g u r e  5. The s t a t i s t i c a l  d i s t r i b u t i o n  of l i v e s  
f o r  t h e  b a s e l i n e  coa t ings  a r e  i l l u s t r a t e d  by t h e  Weibull p l o t s  
(15) of percent  cumulative f a i l u r e s  ve r sus  weight p a r i t y  l i f e  i n  
f i g u r e  5 ( a ) ,  (b) . For t h e  95 percent  50 percent ,  and 5 percent  
confidence P ines ,  t h e  t r u e  coa t ing  l i f e  has  95 percent ,  50 per- 
c e n t ,  o r  5 percent  p r o b a b i l i t y  of befng h igher  than  t h e  l i v e s  
shown re spec t ive ly .  The knee on f i g u r e  5(b) ref lects  e a r l y  random 
f a i l u r e s ,  The observed l i ves  f o r  edge beaded Cb-752 and FS-85 
l i e  a t  o r  above t h e  5 percent  l i n e .  Absolute and weight p a r i t y  
l i v e s  a r e  compared i n  t h e  t o p  f o u r  b a r s  of f i g u r e  5(c) .  The d i s -  
t r i b u t i o n  of observed weight p a r i t y  l i v e s  a r e  a l s o  shown he re  t o  
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p e r m i t  a more d e t a i l e d  comparison. 
obtained because of t h e  reduced s u s c e p t i b i l i t y  t o  edge f a i l u r e  
which r e s u l t s  from t h e  l a r g e r  edge r a d i u s  produced by edge bead- 
ing. The change i n  s u b s t r a t e  mic ros t ruc tu re  produced by beading 
appeared t o  have no d e l e t e r i o u s  e f f e c t  on coa t ing  performapce. 
Both R512E and Si-20Cr-20Fe maintained Cb-752 s u b s t r a t e  d u c t i l i t y  
a s  revea led  by bend t e s t s .  Such t e s t s  were n o t  conducted on 
Longer l i v e s  g e n e r a l l y  were 
FS-85. 
Surface Modif iers  
The b a s e l i n e  systems f o r  t h i s  p a r t  of t h e  work were R512E 
on FS-85 and its unmodified Si-2OCr-2OFe in-house counterpar t .  
Coating l i v e s  observed i n  t h e  137OoC slow-cycle t e s t  ( t a b l e  I) 
were s l i g h t l y  g r e a t e r  f o r  R512E t h a n  f o r  in-house Si-20Cr-20Fe 
on an absolu te  b a s i s e  However, on a weight p a r i t y  b a s i s  t h e  
cyc le s  t o  f i r s t  l o c a l  coa t ing  breakdown obta ined  wi th  t h e  two 
coa t ings  were about t h e  same. 
weight p a r i t y  l i v e s  about 20 percent  lower t h a n  R512E on Cb-752. 
Both coa t ings  maintained s u b s t r a t e  d u c t i l i t y  a s  revea led  by bend 
tests.  
Note t h a t  R512E on FS-85 gave 
Photomicrographs of Si-2OCr-20Fe on a l l o y  s u r f a c e  modified 
FS-85 i n  t h e  as-coated cond i t ion  a r e  presented i n  f i g u r e  6 ,  7 ,  
and 8. Coating eva lua t ion  da ta  a r e  summarized i n  Table I. 
The A1203 s u r f a c e  modi f ica t ions  ( f i g .  6) had t h e  g r e a t e s t  
e f f e c t  on coa t ing  crack frequency. I n  a l l  ca ses ,  t h e  crack fre- 
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quency was increased  and t h e  mic ros t ruc tu re  of t h e  o u t e r  s t r a t a  
of t h e  coa t ings  was r e f ined ,  The flame spray modi f ica t ion  which 
had t h e  g r e a t e s t  amount of A1203 had t h e  h ighes t  crack frequency: 
28 cracks/mm compared t o  16  cracks/mm f o r  unmodified Si-20Cr-20Fe. 
I n  a l l  ca ses  A1203 was d i s t r i b u t e d  uniformly i n  t h e  lower s t r a t a  
of t h e  coa t ings  b u t  was most concent ra ted  i n  t h e  o u t e r  s t r a t a  a s  
revea led  by po la r i zed  l i g h t  metallography, 
The f l a m e  sprayed A1203 mod i f i ca t ioa  gave t h e  b e s t  l i v e s  f o r  
t h i s  s e r i e s  of coa t ings  (42 and 46 c y c l e s ) ,  On a weight p a r i t y  
b a s i s ,  t h i s  r e p r e s e n t s  a 25 percent  improvement over t h e  perform- 
ance of  unmodified Si-20Cr-20Fe. S u b s t r a t e  d u c t i l i t y  was main- 
t a i n e d  a s  revea led  by bend t e s t  r e s u l t s .  Seve ra l  of t h e  o t h e r  
a p p l i c a t i o n  techniques  gave long  bu t  nonrepeatable  l i v e s .  This 
behavior  may be  a s soc ia t ed  with v a r i a b i l i t y  i n  t h e  modif ier  app l i -  
c a t i o n  s t e p .  
The ZrO2-CaO modif ica t ions  [ f ig .  7) had a r e l a t i v e l y  smal l  
effect  on coaf ing  crack frequency with t h e  except ion  of t h e  flame 
spray  modi f ica t ion .  
was h ighes t  and t h e  crack frequency was  reduced from 1 6  c racks  p e r  
mm t o  about 9 c racks  pe r  mm. 
t h e  e x t e n t  of t h e  columnar reg ion  of t h e  coa t ing  ad jacent  t o  t h e  
s u b s t r a t e  and t o  inc rease  t h e  g r a i n  s i z e  i n  t h e  o u t e r  s t r a t a  of 
t h e  coa t ing .  EMP r a s t e r  micrographs revea led  t h a t  ZrO2-CaO was 
concent ra ted  i n  t h e  columnar reg ion  and near  t h e  o u t e r  s u r f a c e  
For t h i s  modi f ica t ion ,  t h e  ZrO2.CaO conten t  
ZrO2.CaO a d d i t i o n s  tended t o  inc rease  
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i n  a l l  ca ses  b u t  t h e  s l u r r y  spray a p p l i c a t i o n  where t h e  concen- 
t r a t i o n  was uniform. 
The flame spray  a p p l i c a t i o n  gave t h e  b e s t  l i v e s  f o r  t h e  
Zr02*Ca0 modi f ica t ions  (47 and 49 cyc les ) .  
b a s i s  and on an abso lu te  b a s i s  a 20 percent  improvement over 
On a weight p a r i t y  
unmodified Si-20Cr-20Fe w a s  achieved. Exce l len t  s u b s t r a t e  duc- 
t i l i t y  w a s  maintained a s  revea led  by bend t e s t  r e su l t s .  Other 
Zr02-Ca0 a p p l i c a t i o n s  gave long  b u t  nonrepeatable  l i v e s .  Again, 
t h i s  is probably a s soc ia t ed  wi th  v a r i a b i l i t y  i n  t h e  modi f ie r  ap- 
p l i c a t i o n  technique.  
The magnitude of t h e  improvements can be e s t a b l i s h e d  i n  
f i g u r e  5. 
Zr02-Ca0 modi f ica t ions  would l i e  beyond t h e  5 percent  l i n e  f o r  
unmodified Si-20Cr-20Fe ( f i g .  5 ( b ) ) .  The magnitude of t h e  i m -  
The observed l i v e s  f o r  t h e  flame-sprayed A1203 and 
provements on an absolu te  and weight p a r i t y  b a s i s  a r e  compared i n  
f i g u r e  5(c) .  
The W s u r f a c e  modi f ica t ions  ( f i g .  8) had a r e l a t i v e l y  smal l  
e f f e c t  on c o a t i n g  crack frequency with t h e  except ion  of t h e  r o l l  
bonded modi f ica t ion  where t h e  crack frequency was increased  t o  20 
p e r  mm. 
s t r u c t u r e  and coa r se r  g r a i n s  than  unmodified Si-20Cr-20Fe. Based 
on EMP r a s t e r  photomicrographs, W was concent ra ted  pr imar i ly  i n  
t h e  o u t e r  l i g h t  e t c h i n g  l a y e r  of t h e  coa t ing .  However, t h e  W con- 
c e n t r a t i o n  throughout t h e s e  coa t ings  was h igher  than  i n  unmodified 
coa t ings  where W is picked up only by r e a c t i o n  with t h e  s u b s t r a t e .  
This  group of coa t ings  had a more d i s t i n c t l y  s t r a t i f i e d  
- 
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The i s o s t a t i c a l l y  pressed W modi f ica t ion  gave t h e  b e s t  aver- 
age l i f e  of a l l  a l l o y  s u r f a c e  modified coa t ings  (51 cyc les ) .  
However, on a weight p a r i t y  b a s i s ,  l i f e  was only comparable t o  
unmodified Si-20Cr-20Fe on FS-85. Subs t r a t e  d u c t i l i t y  was main- 
t a i n e d  a s  revea led  by bend t e s t  r e s u l t s .  
bonding produced uneven coa t ings .  However, one r o l l  bonded speci- 
men performed w e l l ,  S l u r r y  spraying  gave even coa t ings  b u t  t h e s e  
performed poorly.  
Flame spraying  and r o l l  
Modifier con ten t s  expressed i n  terms of volume percent  of t h e  
as-fused coa t ings  a r e  l i s t e d  i n  Table I. Some t r e n d s  between 
modif ier  conten t  and crack frequency were noted a s  shown i n  f ig -  
ure  9(a> f o r  t h e  W and Zr02-Ca0 modi f ica t ions .  
modif ier  conten t  was increased  crack  frequency gene ra l ly  decreased.  
Ext rapola t ion  t o  a c rack- f ree  coa t ing  shows modif ier  con ten t s  of 
20 and 1 2  volume percent  a r e  r equ i r ed  f o r  W and ZrOZ-CaO respec-  
t i v e l y .  For A1203 add i t ions  t h e  r e l a t i o n s h i p  between crack f r e -  
quency and a d d i t i v e  conten t  was n o t  c l e a r .  A s t r o n g  t r e n d  between 
crack frequency (or  modi f ie r  content)  and coa t ing  l i f e  was no t  
ev iden t  f o r  t h e  A1203 and W modi f ica t ions .  This  is probably due 
t o  v a r i a t i o n s  i n  modi f ie r  d i s t r i b u t i o n s  o r  t o  poor r e p e a t a b i l i t y  
r e s u l t i n g  from t h e  f o u r  modi f ie r  a p p l i c a t i o n  techniques  used. 
t h e  Zr02'Ca0 modi f ica t ion ,  t h e r e  may be an inc rease  i n  l i f e  wi th  
decreas ing  crack frequency a s  shown by t h e  l e a s t  mean squares  l i n e  
drawn through t h e  observed l i v e s  i n  f i g u r e  9 (b ) .  
I n  both cases ,  a s  
For 
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Photomicrographs of R512E on FS-85 and t h e  t h r e e  b e s t  coat-  
i ngs  f o r  each s u r f a c e  modi f ie r  a f t e r  exposure t o  t h e  137OoC 
slow-cycle t e s t  a r e  presented i n  f i g u r e  10 ,  I n  a l l  ca ses  oxide 
has  grown i n  t h e  n a t u r a l  coa t ing  c racks  and t h e  c racks  have 
widened. The amount of growth was l e a s t  f o r  W modified Si-20Cr- 
20Fe. This  reduced t h e  amount of c o a t i n g  crack formation i n  t h e  
d i f f u s i o n  zone ( t h e  dark e t c h i n g  l a y e r  ad jacen t  t o  t h e  s u b s t r a t e ) ,  
Di f fus ion  zone c racks  running p a r a l l e l  t o  t h e  s u b s t r a t e  can be 
p a r t i c u l a r l y  damaging t o  t h e  i n t e g r i t y  of t h e  coa t ing .  The d i f -  
f u s i o n  zone grew i n  a l l  cases  from about 4 microns as-coated t o  
about 1 2  microns a f t e r  t e s t .  The n e t  coa t ing  th i ckness  was re -  
duced by about 1 6  microns f o r  R512E and t h e  A1203 and Zr02-Ca0 
modi f ica t ions  and about 24 microns f o r  t h e  W modif icat ion.  
The oxides  formed on t h e  modified coa t ings  appear t o  be more 
voluminous t h a n  on R512E and appear t o  con ta in  more of t h e  l i g h t e r  
oxide phase. This phase was b lue  under a s e n s i t i v e  t i n t  f i l t e r  
and b lack  under po la r i zed  l i g h t .  The major oxide phase was r u s t  
co lored  under po la r i zed  l i g h t .  Based on t h e  r e s u l t s  of XRD analy- 
sis of s c rap ings  from t h e  f o u r  specimens t h e  l a t t e r  phase was 
i d e n t i f i e d  a s  an ( r e ,  Cr) Nb04 and t h e  former phase was H - c r i s t o -  
b a l l t e .  
t h e  Zr02=Ca0 modi f ica t ion  and Nb205 i n  t h e  W modi f ica t ion .  
eve r ,  t h e  green Cr203 phase was observed under polar ized  l i g h t  i n  
t h e  oxides  on a l l  f o u r  coa t ings .  It was loca ted  i n  some of t h e  
Addi t iona l  minor phases de t ec t ed  by XRD were Cr203 i n  
How- 
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cracks  and ad jacen t  t o  t h e  coa t ing .  Also,  a t e n t a t i v e  i d e n t i f i -  
c a t i o n  of Nb 0 i n  t h e  oxides  formed on a l l  f o u r  coa t ings  was 
made based on t h e  presence of an oxide phase which was yellow 
under s e n s i t i v e  t i n t  and o p t i c a l l y  a c t i v e  under polar fzed  l i g h t .  
S l u r r y  Modif iers  
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The b a s e l i n e  systems f o r  s l u r r y  modified coa t ings  were R512E 
and in-house Si-20Cr-20Fe on FS-85. The c o a t i n g  depos i t i on  and 
eva lua t ion  da ta  a r e  summarized i n  Table I1 and 111, Most of t h e  
compositions examined behaved r a t h e r  poorly. A l a r g e  number of 
coa t ings  had weight p a r i t y  l i v e s  below 1 . 0  a s  l i s t e d  i n  Table 111. 
The poor performance, i n  many cases ,  could be  a t t r i b u t e d  t o  t h e  
poor  we t t ing  and flow c h a r a c t e r i s t i c s  of t h e  s l u r r i e s  dur ing  fu -  
s ion .  This  was p a r t i c u l a r l y  t r u e  of coa t ings  conta in ing  r e a c t i v e  
metals  such a s  W, Mo, T i ,  H f ,  and Zr. Many of these coa t ings  had 
reg ions  where t h e  coa t ing  t h i c k n e s s  was only i n  t h e  range from 
1 t o  2 mm. 
The b e t t e r  coa t ings  a r e  l i s t e d  i n  Table 11, The f o u r  b e s t  
coa t ings  were Si-20Cr-20Mn, Si-20Cr-20Fe-1OHfO2, Si-20Cr-20Fe- 
10B4Si, and Si-20Cr-20Fe-5Mn. Photomicrographs of t h e s e  coa t ings  
a t  lOOX and 500X i n  t h e  as-fused cond i t ion  a r e  presented i n  f i g -  
u re  11. The Si-20Cr-20Mn c o a t i n g  has  a very t h i n  columnar reg ion  
compared t o  t h e  Si-2OCr-2OFe b a s e l i n e  coat ing.  Also, cons iderable  
c o a t i n g  bui ldup  occurred a t  t h e  edges of t h e  Si-20Cr-2OMn coated 
specimen. The major d i f f e r e n c e s  i n  mic ros t ruc tu re  found i n  t h e  
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o t h e r  coa t ings  shown i n  f i g u r e  11 a r e  coarsening  of t h e  o u t e r  
zone s t r u c t u r e  i n  t h e  HE02 modi f ica t ion ,  f i n e  p r e c i p i t a t e s  i n  t h e  
columnar r eg ion  of t h e  B4Si modi f ica t ion  and coa r se  r ec t angu la r  
g r a i n s  i n  t h e  o u t e r  zone of She Si-20Cr-2OFe-SMn modif ica t ion .  
The performance of t h e  fou r  b e s t  s l u r r y  modi f ica t ion  coa t -  
i ngs  on an abso lu te  and weight p a r i t y  b a s i s  is summarized i n  
f igure  5(c). They performed a s  w e l l  a s  o r  b e t t e r  t h a n  any of t h e  
a l l o y  s u r f a c e  modif ier  coa t ings  on a weight p a r i t y  b a s i s .  The 
Si-20Cr-2OMn coa t ing  i s  t h e  b e s t  coa t ing  examined t o  d a t e  wi th  an 
average abso lu te  l i f e  of 63 s low cyc le s  and an average weight 
2 p a r i t y  l i f e  of 3.2 cycles/mg/cm . These averages were reduced 
cons iderably  by t h e  premature edge f a i l u r e  of one specimen a t  1 2  
cyc les .  The o t h e r  two coupons from t h i s  group surv ived  87 and 90 
s low cycles and had weight p a r i t y  l i v e s  of 9.6 cycles/mg/cm - 
With t h e  except ion  of t h e  premature f a i l u r e ,  t h e  observed weight 
p a r i t y  l i v e s  f o r  t h e  f o u r  coa t ings  f a l l  w e l l  t o  t h e  r i g h t  of t h e  
5 percent  l i n e  f o r  Si-20Cr-20Fe on FS-85 shown i n  t h e  Weibull p l o t  
2 
( f i g .  5 (b ) ) .  For t h e  Si-2OCr-20Mn coa t ing  t h e  observed improve- 
ment is s t a t i s t i c a l l y  s i g n i f i c a n t  a t  t h e  97 percent  l e v e l .  A l l  
of t h e  specimens of t h e  f o u r  b e s t  s l u r r y  modi f ica t ions  f a i l e d  on 
edges wi th  t h e  except ion  of one of t h e  B S i  modified coupons where 
an edge and s u r f a c e  f a i l u r e  were developed i n  t h e  38th cycle .  
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The weight change behavior  of t h e  f o u r  b e s t  s l u r r y  modified 
coa t ings  exp la ins  t h e i r  s u p e r i o r i t y  t o  a c e r t a i n  e x t e n t ,  These 
2 1  
d a t a  a r e  presented i n  f igure  12 a long  with d a t a  f o r  t h e  b a s e l i n e  
coa t ings .  The b a s e l i n e  coa t ings  show r e l a t i v e l y  l a r g e  weight 
ga ins  and underwent moderate t o  heavy s p a l l i n g .  The B4Si modifi-  
c a t i o n  had t h e  h i g h e s t  weight ga in  of t h e  f o u r  s l u r r y  modi f ica t ion  
coa t ings  and s p a l l e d  l i g h t l y .  The o the r  t h r e e  coa t ings  gained 
weight slowly and s p a l l e d  only s l i g h t l y .  Therefore  t h e  ox ida t ion  
r a t e s  of t h e s e  coa t ings  a r e  cons iderably  lower than t h e  b a s e l i n e  
coaeings and they  a r e  t h e r e f o r e  ab le  t o  a f f o r d  g r e a t e r  p ro tec t ion  
f o r  a given c o a t i n g  weight.  
Photomicrographs of t h e  f o u r  b e s t  s l u r r y  modified coa t ings  
a f t e r  slow cyc le  exposure a r e  presented i n  f i g u r e  L3. The S i -  
20Cr-20Mn c o a t i n g  developed a t h i c k  e s s e n t i a l l y  s i n g l e  phase 
oxide wi th  some l i g h t e r  oxide p a r t i c l e s  found a s  i n c l u s i o n s  a s  
w e l l  a s  on t h e  su r face .  The oxide formed on t h e  edges is much 
t h i c k e r  t h a n  on t h e  su r faces .  A l s o ,  very  f e w  d i f f u s i o n  zone 
c racks  running p a r a l l e l  t o  t h e  s u b s t r a t e  a r e  present .  The appear- 
ance of t h e  H f O  modified c o a t i n g  i s  s i m i l a r  t o  t h a t  of unmodified 
Si-ZOCr-20Fe. 
developed s t r a t i f i e d  oxides.  
a c t i v e  o u t e r  l a y e r ,  a b lack  l a y e r ,  a r u s t  co lored  l a y e r ,  and a 
green inne r  l a y e r  when examined i n  c r o s s  s e c t i o n  under po la r i zed  
l i g h t .  
l aye r .  
c racks  p a r a l l e l  t o  t h e  s u b s t r a t e .  A l s o ,  t h e  coa t ing  is near  com- 
p l e t e  consumption which accounts  f o r  t h e  observed s u r f a c e  f a i l u r e ,  
2 
The B4Si and Mn modified Si-20Cr-20Fe coa t ings  
The Mn modif ica t ion  had an o p t i c a l l y  
The B4Si modi f ica t ion  had a l l  b u t  t h e  o u t e r  o p t i c a l l y  active 
The B4Si modi f ica t ion  developed very  f e w  d i f f u s i o n  zone 
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Based on t h e  r e s u l t s  of po la r i zed  l i g h t  metallography and 
XRD t h e  p r i n c i p a l  ox ides  on Si-20Cr-2OMn were Si02 and MnNb206. 
-!%sme Cr203 and CrNb04 was p resen t  a t  t h e  coat ing-oxide i n t e r f a c e  
- and i n  t h e  c o a t i n g  cracks.  The p r i n c i p a l  ox ides  on Si-20Cr-20Fe- 
10B4Si, Si-20Cr-20Fe-10€€f02, and Si-2OCr-2DFe-5Mn were S i02 ,  
(Fe, Cr) Nb04 and Cr203. 
CONCLUSIONS 
The s u r f a c e s  of niobium a l l o y s  were modified p r i o r  t o  fused  
sTurry s i l i c i d e  c o a t i n g  wi th  Si-20Cr-2OFe. Edge beads were elec- 
tron-beam melted on t h i n  s h e e t  Cb-752 and FS-85 specimens. FS-85 
was sur face  modified wi th  e i t h e r  W, Zr02-Ca0 o r  A1203. 
t heqe  mod i f i e r s  w a s  app l i ed  by f o u r  methods: f l a m e  spraying ,  roll 
bonding, i s a s t a t i c  p re s s ing ,  o r  s l u r r y  spraying .  The o b j e c t  of 
t h e s e  mod i f i ca t ions  was t o  a l t e r  t h e  mic ros t ruc tu re ,  c rack  fre- 
Each of 
quency, and t h u s  t h e  performance of t h e  coa ted  system. F i n a l l y ,  
a number of s l u r r y  chemistry mod i f i ca t ions  were a l s o  examined. 
The app l i ed  c o a t i n g s  were screened  by a 137OOC one-hour slow-cycle 
t e s t  a t  ambient p re s su re ,  This i s  a s e v e r e  t e s t  since normal 
maximum use tempera tures  f o r  t h i s  system a r e  about 1320°C i n  par- 
t i a l  vacuum and 1250°C i n  a i r .  
p imple  was used a s  t h e  c o a t i n g  f a i l u r e  c r i t e r i o n .  This  provided 
Appearance of t h e  f i rs t  Nb205 
a conse rva t ive  de te rmina t ion  of  c o a t i n g  l i f e .  Vendor coa t ings  
and in-house Si-20Cr-20Fe c o a t i n g s  were used a s  a b a s e l i n e  f o r  
comparison. Coating l i v e s  w e r e  compared on a weight p a r i t y  b a s i s ,  
t h a t  is ,  t h e  
i n  mg/cm . 2 
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coa t ing  l i f e  i n  cyc le s  d iv ided  by t h e  c o a t i n g  weight 
The fo l lowing  conclusions a r e  drawn from t h e  r e s u l t s  of t h i s  
explora tory  s tudy:  
1, S l u r r y  modi f ica t ion  gave t h e  g r e a t e s t  improvement i n  
coa t ing  l i f e .  
63 slow-cycles t o  137OOC. 
s e n t s  a 100 percent  improvement over t h e  b a s e l i n e  Si-20Cr-29Fe 
coat ing.  Other coa t ings  whieh showed sma l l e r  improvements were 
Si-20Cr-20Fe-1OHfO2, Si-20Cr-20Fe-10BqSi, and Si-20Cr-20Fe-SMn. 
Edge beading by electron-beam melting w a s  an e f f e c t i v e  
The Si-20Cr-20Mn coa t ing  had an average l i f e  of 
The weight p a r i t y  l i f e  of 3.2 repre-  
2. 
method f o r  reducing s u s c e p t i b i l i t y  t o  l o c a l  c o a t i n g  breakdown a t  
t h e  edges of t h i n  s h e e t  m a t e r i a l .  On a weight p a r i t y  b a s i s ,  edge 
beaded Cb-752 and FS-85 specimens coated wi th  Si-20Cr-2OFe gave 
l i v e s  50 and 20 percent  g r e a t e r  r e s p e c t i v e l y  t h a n  t h e  average 
l i f e  obta ined  w i t h  R512E on t h e s e  a l loys .  
3. The W ,  A1203,  and Zr02=Ca0 modi f ie rs  t o  t h e  Si-20Cr-20Fe 
coa t ing  a l t e r e d  t h e  crack frequency and, t o  some e x t e n t ,  t h e  micro- 
s t r u c t u r e  of t h e  coa t ing .  However, t h e  columnar s t r u c t u r e  and 
crack  depth were n o t  changed markedly and no u n i v e r s a l  r e l a t i o n -  
s h i p  between crack frequency and l i f e  was noted. On a weight 
p a r i t y  b a s i s ,  t h e  f lame sprayed A1203 and Zr02-Ca0 modi f ica t ions  
inc reased  l i f e  by 25 and 20 percent  r e s p e c t i v e l y  whereas t h e  i so -  
s t a t i c a l l y  pressed W modi f ica t ion  gave no improvement i n  weight 
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(a) Cb-752; X100. (b) Cb-752: X250. 
(d) FS-85; X250. 
Figure 1. - Microst ructures of R512E (Si-20Cr-MFe) coating on  n iob ium alloys Cb-752 
and FS-85. As-coated. 
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Figure 2. - Schematics of normal  coating microstructure, micro-  
s t ructura l  effects of coating modifications, and thermal  ex- 
pansion of zirconia. 
Figure 3. - Photomicrograph of cross-section E. B. melted edge 
bead on Cb-752. 
(a) Cb-752; XlM). 
(c) BEADED FS-85; X100. 
(b) BEADED Cb-752; X250. 
(d) FS-85; X250. 
Figure 4. - Cross-sectional microstructures of unmodified Si-rnCr-rnFe on edge 
beaded Cb-752 and on FS-85. As-coated. 
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(b) WEIBULL PLOT FOR R512E AND Si-ZOCr-ZOFe ON FS-85. 
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Figure 5. - Weibul l  plots for baseline coatings and coating l i fe comparisons. 
(a-2) (b-21 (c-2) (d-2) 
(a-3) - A l  RASTER. (b-3) - AI RASTER. (C-3) - A I  RASTER. (d-3) - A I  RASTER. 
(a) ROLL BONDED. (b) FLAME SPRAYED. (c) ISOSTATICALLY PRESSED. (d) SLURRY SPRAYED. 
Figure 6. - Cross-sectional microstructures and a luminum raster photographs fo r  A I F 3  surface modified FS-85 
coated wi th  Si-MCr-MFe. As-coated. 
(a-1) (b-1) (c-1) 
(a-2) (b-2) (c-2) (d-2) 
(a-3) Z r  RASTER. (b-3) Z r  RASTER. (c-3) Zr RASTER. (d-3) Zr RASTER. 
(a) ROLL BONDED. (b) FLAME SPRAYED. (d ISOSTATICALLY PRESSED. (d) SLURRY SPRAYED. 
Figure 7. - Cross-sectional microstructures and z i rconium raster photographs for Zr02-Ca0 surface modified 
FS-85 coated wi th  Si-MCr-MFe. As-coated. 
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(d-3) W RASTER. (a-3) W RASTER. (b-3) W RASTER. (C-3) W RASTER. 
(a) ROLL BONDED. (b) FLAME SPRAYED. (c) ISOSTATICALLY PRESSED. (d) SLURRY SPRAYED. 
Figure 8. - Cross-sectional microstructures and tungsten. raster photographs for  W surface modified FS-85 
coated w i th  Si-BCr-BFe. As-coated. 
(a) CRACK FREQUENCY VS. MODIFIER CONTENT. 
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(b) LIFE VS. MODIFIER CONTENT. 
Figure 9. - The effect of modif ier content on coating crack 
frequency and life. 
(a) R512E AFTER 46 CYCLES. 
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(c) FLAME SPRAY ZrOz-CaO MODIFICATION 
AFTER 49 CYCLES. 
(b) FLAME SPRAY AI$$ MODIFICATION 
AFTER 46 CYCLES. 
(d) ISOSTATICALLY PRESSED W MODIFICA- 
TION AFTER 57 CYCLES. 
Figure 10. - Cross-sectional photomicrographs of R512E and surface modified Si-2OCr-ZOFe, 
after 1370" C slow-cycle ambient pressure exposure to  the  f i r s t  coating failure. 
(a) Si-20Cr-MMn, AS-COATED; X500. 
(c) Si-20Cr-20Fe-10Hf02, AS-COATED; 
x5Do. 
(b) Si-20Cr-MMn, AS-COATED; X100. 
(d) Si-20Cr-MFe-lOHf02, AS-COATED; 
x100. 
Figure 11. - Cross-sectional microstructures of one-step, chemically modified 
fused s l u r r y  si l ic ide coatings on FS-85. As-coated. 
(e) Si-MCr-20Fe-10B4Si, AS-COATED; 
X500. 
(g) Si-MCr-MFe-SMn, AS-COATED; 
x500. 
( f l  Si-X)Cr-MFe-10B4Si, AS-COATED; 
Xloo. 
(h) Si-20Cr-20Fe-SMn, AS-COATED, 
Xloo. 
Figure 11. - Concluded. __ 
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Figure 12. -Weight gain behavior of fused s l u r r y  si l ic ides 
o n  FS-85 in the  1370° C slow-cycle ambient pressure test. 
J - 
(a) Si -MCr-MMn AFTER 90 CYCLES; (b) Si-20Cr-MMn AFTER 90 CYCLES; X2M. 
Xloo. 
(c) Si-MCr-2OFe-10HfOz after 46 cycles; X250. (d) Si-20Cr-ZOFe-10B~Si AFTER 38 CYCLES; 
x250. 
(e) Si-20Cr-20Fe-5Mn AFTER 46 CYCLES; 
Figure 13. - Cross-sectional microstructures of s l u r r y  chemist ry  modified coatings after 
x250. 
1370' C slow-cycle ambient pressure exposure to  first coating failure. 
NASA-Lewis 
o o w w o t - - - a m ~ o w o w w w - r o  . . . . . . . . . . . . . . . . . .  
m N - " - " - - - O N N - - - O - - N  
0 0 0 0 im6,0,0 0 0 d 0 0 0 0 0 0 0 















































w + n r ? m 0 N N w w d d e w a N 0 0 + w  
d + N + + + v - l N + + d d + + d m + + N +  
. . . . . . . . . . . . . . . . . . . .  
Ln m m 
N - l + + r l r l o + d d O + + m o + d d N  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
2 d d d d d $ d d d d d d d d d d d d d  m m a a o w a w m m w m w  
G W b W e w  
o o o o o o w r ? o o w o o o r ? o o w o  
0 0 0 0 0  0 0 0 0 d 0 0 9 d 0 0 0 0 0  . .  




































































































TABLE III. - COATING CHEMISTRY MODIFICATIONS ON FS-85 WHICH GAVE: 




Si-1OCr - lOFe -20NiA1 
3i-lOCr-lOFe-20NiAI 
Si- 15Cr - 15Fe - 1OW -10VSi2 
Si-1 5Cr- 15Fe -lOW - 10VSi2 
Si- 15Cr - 15Fe - 1OW - 10Ti- 10VSi2 
Si-15Cr-15Fe-1OW-1OTi-10VSi2 


















2 2 . 6 4 .  7 
2 2 . 1 8 . 3  
2 3 . 5 4 .  8 
2 3 . 5 4 .  8 
2 2 . 2 4 .  4 
22.534.3 
22. 1-11. 0 
2 2 . 0 4 . 5  
2 2 . 8 4 .  7 




24. 0 4 .  6 
2 3 . 3 4 . 3  
23.2-11. 6 
23. l k l .  1 
2 3 . 6 4 .  8 
22.8rtl. 0 
22.8-11.0 
2 4 . l G . 8  
2 4 . l G .  8 
Firing Cycle 
1415' C Vac 
1400' C Vac 
1415' C Vac 
1400' C A r  
1405' C Vac 
1405' C A r  
1415' C Vac 
1405' C A r  
1415' C Vac 
1405' C A r  
1405' C Vac 
1405' C A r  
1415' C A r  
1410' C A r  
1370' C A r  
1415' C Vac 
1415' C Vac 
1405' C A r  
1370' C A r  
1415' C Vac 
1370' C A r  





1 3 . 6 4 . 3  
1 9 . 9 i l . 6  
19.9Q. 2 
2 1 . 5 4 .  2 
1 9 . 5 4 .  3 
21. 0 4 .  1 
18.7-10. 4 
2 0 . 4 4 . 2  
1 9 . 4 4 .  6 
21. la. 2 
2 0 . 9 4 .  7 
2 1 . 8 4 . 4  
2 0 . 0 4 .  4 
22. 14.  5 
2 1 . 3 4 . 3  
2 0 . 9 4 . 6  
2 0 . 1 4 . 2  
2 1 . 5 4 . 3  
2 0 . 9 4 .  6 
16.3-10.3 
2 1 . 8 4 . 8  





0 . 0 7 4 . 0 1  
----------- 
0 . 1 0 4 ,  01  
0.0734. 01 
0.065-10.01 
0 . 0 4 4 .  03 
0.045-10.03 
0 . 0 4 4 .  025 
0 . 0 4 4 . 0 3  
0.074.01 
0 .074 .  02 
----------- 
0 . 0 6 5 a .  05 





0 . 0 5 5 4 .  005 
0.06-10.01 
----------- 
%ased on metallographic measurements.  
1 
